• Pyraclostrobin induces sugarcane resistance to nematodes.
INTRODUCTION
Several control methods are recommended for the management of plant-parasitic nematodes in sugarcane (Saccharum sp.) plantations but, in practice, the efficiency of these methods is often questionable when used singly [1, 2] . The use of resistant sugarcane varieties as a control measure against parasitic nematodes has been promoted by researchers due to lower cost and environmental risk, but commercial varieties with resistance to major nematode species that parasitize this crop are scarce [3] . On the other hand, the artificial induction of disease resistance in plants by activating natural defense mechanisms has been explored as a tool for disease control in various crops and although this phenomenon has been known for many years, it has not been frequently reported in literature [4] . Socioeconomic interest in increasing agricultural production around the world is primarily a result of the human population explosion. Meeting the demand for increased agricultural production will require investment in methods for nematode management in sugarcane plantations involving alternative techniques. Further studies in the activation of plant defenses against parasitic nematodes will provide a new insight into the crop management [5] . Within the complex of host-pathogen interactions, plants develop resistance to pathogens as a rule, while susceptibility is an exception.
The induction of plant resistance to pathogens is a dynamic process that may involve the formation of physical and/or biochemical barriers in the plant that are effective against various potential pathogens [6, 7] .
Plant resistance can be activated through the induction of dormant host defenses, which can be stimulated by biotic or abiotic agents without causing changes in the plant genome. Among the substances commonly used for this purpose there are commercial fungicides and biofungicides. Plant resistance is activated through transcription of genes that encode a nonspecific defense response involving phenolic compounds and enzymes [8, 9, 10] . This process requires transcription of defense genes, the opening of ion channels, changes in the phosphorylation status of proteins and the activation of preformed enzymes, and the modification of primary and secondary metabolism. Signaling molecules coordinate the defense response, both temporally and spatially, until suppression of the pathogen is achieved [11] .
Stresses, biotic or abiotic, imposed on plants induce the overproduction of reactive oxygen species (ROS) as part of a signaling network that responds to stressful situations. ROS accumulation is known as oxidative stress and is characterized by changes in the expression of various genes related to metabolism and signal transduction. Once accumulated, ROS can react with biological molecules causing irreversible damage to cell membranes, proteins, and DNA, which can lead to plant death. Studies have associated the level of ROS and the activity of antioxidant defense enzymes in the response to both abiotic stress and pathogen attack [12] . Biochemical and physiological responses of higher plants to oxidative stress include an efficient antioxidant defense system which involves, among other processes, the activity of catalase (CAT), ascorbate peroxidase (APX), and peroxidases (PODs) that together function to eliminate ROS, thereby preventing or reducing oxidative damage [13, 14] . APX, POD, and CAT are the most important enzymes involved in the detoxification of hydrogen peroxide (H 2 O 2 ) [15] .
PODs, in particular, are related to the oxidation of phenolic compounds, the binding of polysaccharides, indole-3-acetic acid oxidation, monomer links, lignification, wound healing, and protection against pathogens. PODs also strengthen the cell wall through the production of lignin, suberin, polysaccharides linked to ferulic acid, and glycoproteins rich in hydroxyproline. Moreover, PODs increase the production of reactive oxygen species, some of them playing important signals mediating defense gene activation, signaling the formation of phytoalexins [16, 17, 18] . In other words, PODs are related to processes of cell growth, differentiation, and morphogenetic changes in response to stress. Increased POD activity is essential to plant adaptability and is an important biochemical marker.
The APX enzyme is a heme peroxidase that is important as it scavenges increased levels of ROS in chloroplasts following stress in plants, including pathogen attack [19] . CAT is directly involved in the conversion of H 2 O 2 to water and oxygen under stressful conditions when there is a significant increase in ROS and proliferation of peroxisomes in plant cells [20] . This enzyme functions to clear cellular H 2 O 2 [21] .
Moreover, CAT is responsible for the detoxification of H 2 O 2 in plants and can directly dismutate H 2 O 2 or oxidize substrates, such as methanol, ethanol, formaldehyde, and formic acid [18] .
In the complex defense network, various substances are involved in the induction of resistance mechanisms, including strobilurins. Several studies have shown that strobilurin fungicides are considered activators of biochemical mechanisms of resistance to pathogens in several plant species.
Furthermore, this fungicide acts upon mitochondrial respiration, blocking the transfer of electrons through the cytochrome bc1 complex and reducing respiration and adenosine triphosphate synthesis in pathogens [22, 23, 24] . Recently, a field study conducted by Chaves & Pedrosa [25] demonstrated increases in the agricultural productivity of sugarcane plants treated with strobilurin (active ingredient:
pyraclostrobin) in areas characterized by a high population density of Meloidogyne spp.
A previous greenhouse study demonstrated a significant decrease in the number of Meloidogyne incognita (Kofoid & White) Chitwood females completing the life cycle inside sugarcane roots treated with pyraclostrobin [26] . 
MATERIAL AND METHODS
A greenhouse experiment was performed at the Sugarcane Experimental Station, Carpina, Brazil (EECAC/UFRPE). Tomato (Solanum lycopersicum L. cv. Santa Cruz) plants grown in sterile soil were inoculated with M. incognita and, after 60 days, the roots were washed and the eggs and juveniles were extracted.
Sugarcane seedlings (variety RB867515) derived from shoot tip culture were subjected to the following treatments: (1) control, (2) 
Enzymatic activity and protein content
The total protein content and determination of APX, POD, and CAT activity were performed at 5 and 20 DAI with the pathogen in 36 samples equivalent to 6 replicates from each treatment. Protein was extracted from frozen samples that were macerated and mixed with 100 mM potassium phosphate buffer (pH 7.5), 1 mM EDTA (ethylenediaminetetraacetic acid), 3 mM DL-dithiothreitol, and 20%
polyvinylpolypyrrolidone at −4ºC in the proportion of 0.2 g/2 mL (w:v) according to Azevedo et al. [27] .
The homogenate was centrifuged at 10,000×g for 15 min. The supernatant was stored at −20ºC and used for the determination of total soluble protein and enzymatic activity.
Soluble protein
Protein standard solutions were prepared with bovine serum albumin. Standards and sample extracts (100 µL) were added to 2 mL of Coomassie Brilliant Blue reagent. The determination of soluble protein was performed in a spectrophotometer at 595 nm following the method described by Bradford [28] .
Catalase activity (CAT; EC: 1.11.1.6)
Solutions were prepared with 1 mL of 100 mM potassium phosphate buffer (pH 7.5) and 25 µL of 1 mM H 2 O 2 . The reaction was triggered by adding 25 µL of protein extract and the decomposition of H 2 O 2 was monitored for 60 s at 240 nm in a spectrophotometer at a temperature of 25°C according to
Havir & McHale [29] with modifications described by Azevedo et al. [27] .
Ascorbate peroxidase activity (APX; EC: 1.11.1.1)
The reaction medium was composed of 650 µL of 80 mM potassium phosphate buffer (pH 7.5), 100 µL of 5 mM ascorbate, 100 µL of 1 M EDTA, 100 µL of 1 mM H 2 O 2 , and 50 µL of protein extract. APX activity was determined by monitoring the rate of oxidation of ascorbate at 290 nm in a spectrophotometer at 30°C for 60 s as described by Nakano & Asada [30] .
Peroxidase activity (POD; EC: 1.11.1.7)
Peroxidase activity was based on the evaluation of Δ absorbance following the oxidation of guaiacol This solution was used to calibrate spectrophotometer, followed by the addition of 50 µL of enzyme extract with gentle mixing. Spectrophotometric readings were taken at a wavelength of 470 nm for one minute at 10 s intervals according to Dann & Deverall [31] . 
RESULTS AND DISCUSSION
Differences in enzyme activity were observed among the different treatments 5 DAI inoculation with M. incognita eggs (Table 1) . Plants treated with pyraclostrobin (0.5 L ha -1 ) alone and pyraclostrobin (0.5 L ha -1 ) with carbofuran (3.5 L ha -1 ) showed the highest POD activity. The activation of this enzyme is associated with the induction of resistance mechanisms against various pathogens in several plant species. A study involving induction of bean (Phaseolus vulgaris L.) resistance to anthracnose (causal agent Colletotrichum lindemuthianum (Sacc. & Magn.) Scrib. also reported an increase in peroxidase activity in treated plants 5 days after pathogen inoculation [32] . A recent study has shown that increased in POD activity can be observed 72 h after seedlings of oilseed winter rape (Brassica napus L.) cv. Lisek inoculation with fungus spores of Phoma lingam Tode ex Fr. (Leptosphaeria maculans (Desm.) Ces. & de Not.) [33] . The ability of pyraclostrobin to increase POD activity and induce resistance was demonstrated by an increase in the capacity of tobacco plants (Nicotiana tabacum L. cv. Xanthi NC) to induce defense responses when attacked by tobacco mosaic virus and Pseudomonas syringae Van Hall pv. tabaci [34] . Increases in POD activity induced by pyraclostrobin have been associated with reduced severity of bacterial spot pathogen (Xanthomonas perforans Jones, Lacy, Bouzar, Stall & Schaad) in tomato [35] and reduced common bacterial blight (Xanthomonas axonopodis Starr & Garces pv. phaeoli) in leaves of snap bean (P. vulgaris) cv. Bragança [36] . In the current study, various treatments resulted in increases in the activities of APX and CAT. This indicates a positive response to the stress applied, as increased enzymatic activity implies a more efficient control of reactive oxygen species produced due to the presence of plant-parasitic nematodes [37] . The tissue protein content did not vary in any of the treatments during any evaluation period (Tables 1 and 2) .
The results at 20 days showed the highest simultaneous activities of APX and CAT in plants treated with a combination of pyraclostrobin and carbofuran (Table 2 ). These enzymes ensure the detoxification of oxidizing compounds generated by the plant due to the oxidative stress caused by plant-parasitic nematodes.
Several studies have reported increases in APX and POD activity after nematode-plant interactions, especially among resistant plants [37, 38, 39, 40] . This fact led to the formulation of the hypothesis that APX and POD play a significant role in the host defense mechanism because they promote detoxification of H 2 O 2 and output signals in the plant, respectively. Moreover, these enzymes trigger reactions that culminate in an extended protection against many pathogens Linford & Oliveira and Tylenchulus semipenetrans Cobb showed that the different hosts reacted similarly to infection with plant-parasitic nematodes [40] . Despite plant growth rates following infection with parasitic nematodes differ depending on the both plant and nematode species, as well the nematode initial population density; there is an increase in oxidative compounds as in the activity of antioxidant enzymes CAT, APX, POD, and superoxide dismutase. Higher APX and CAT activities also result in an increase in plant resistance against invasion by nematode juveniles according to prior sensitization or as a result of the invasion [41, 42] . The sugarcane response to the combination of pyraclostrobin and carbofuran suggests a synergy between these treatments on the stimulation of sugarcane resistance to M. incognita. The immediate response of plants to stress that occurs at the physiological level is modified at the genetic level affecting biochemical mechanisms (such as enzymatic responses) that as necessary are reflected in physiological changes, which are later expressed as symptoms.
CONCLUSIONS
Pyraclostrobin alone and in combination with carbofuran (3.5 L ha -1 ) increased POD activity, a response characteristic of the activation of resistance mechanisms, 5 days after inoculation with M. incognita in sugarcane plants. A further activation of the sugarcane antioxidant defense system (APX and CAT) was observed 20 DAI, with the combined treatment (pyraclostrobin and carbofuran) resulting in an enhanced resistance to M. incognita. 
